cancer Expression and function of pro-inflammatory cytokines in prostate cancer has been extensively investigated because of their role in regulation of proliferation, apoptosis, migration, invasion, and angiogenesis. In this manuscript, we will pay attention to the role of IL-6. Although investigations on IL-6 in prostate carcinogenesis were mostly carried out in models representing advanced tumours, it is anticipated that the cytokine has a major role in early stages of carcinogenesis Hobisch et al., 2001) . This is an important issue which will surely get more attention in the next years because of a need to better understand the events in very small locally-confined prostate cancers. As a consequence of improved diagnostic and screening, it became possible to detect a larger number of small tumours which will most probably not 0303-7207 Ó 2011 Elsevier Ireland Ltd. doi:10.1016/j.mce.2011.05.033 become clinically significant during patients' life time. The subject of long-term development of pre-malignant lesions and cancer has been studied in a small number of reliable models. We briefly mention induction of inflammatory pre-malignant lesions in Noble and Fisher rats. For the first time, inflammatory-like changes could be induced in prostates of Noble rats by co-administration of testosterone and 17 beta oestradiol (Tam et al., 2007) . In addition, treatment with the chemical carcinogen PhIP which is present in red meat may induce morphological changes such as chronic inflammation, proliferative inflammatory atrophy, and prostate intraepithelial neoplasia (Borowsky et al., 2006; Nakai et al., 2007) . The role of pro-inflammatory cytokines in these pre-malignant lesions has not been clarified so far but may represent an interesting area of investigation in order to delineate their specific functions during early prostate tumour development.
IL-6 is known as a multifunctional cytokine which is a major activator of the signalling pathway of Janus kinases (JAK)/signal transducer and activator of transcription (STAT)3 (Masuda et al., 2010) . In addition to JAK/STAT, IL-6 may phosphorylate mitogenactivated protein kinases (MAPK) and Akt. Different pathways can be activated in response to IL-6 in a cell line at the same time. STAT3 is also phosphorylated by epidermal growth factor. STAT3 has been regarded as an oncogene in many cancers and its ability to cause malignant cellular transformation has been demonstrated in multiple models. In prostate cancers, the situation appears to be more complex (Degeorges et al., 1996; Giri et al., 2001) . It should be pointed out that the treatment of LNCaP xenografts with IL-6 resulted in a reduction of tumour volume (Wang et al., 2004) . The variable effects of IL-6 on proliferation of cancer cells, positive or negative, could be explained by differences in sera used in various laboratories or in autocrine loops' activation (Komyod et al., 2007) . These experimental data have been obtained in melanoma but may be also relevant in prostate cancer. If cellular density is high, autocrine growth factors may prevent a growth-inhibitory effect of IL-6/STAT3. In some of the experiments performed with LNCaP cells, it was shown that IL-6-caused growth arrest is associated with neuroendocrine differentiation, as manifested with cellular morphological changes such as elongation . In clinics, the presence of neuroendocrine cells is frequently correlated with less favourable prognosis because of their ability to secrete proteins which affect proliferation, migration or invasion in a paracrine manner (Yuan et al., 2007) . Some of these neuropeptides, such as bombesin, induce AR activity in a ligand-independent manner (Desai et al., 2006) .
IL-6 and androgen receptor (AR) activation
AR has been identified as a target for therapy in human prostate cancer since it is overexpressed in many therapy-resistant tumours and its inhibition may contribute to delayed tumour progression (Zegarra-Moro et al., 2002; Chen et al., 2004; Andersen et al., 2010; Siddiqui et al., 2011) . AR activation by non-steroidal compounds may be of importance for cancer progression, for example in case of the oncogene HER2 or related growth factors. However, this type of receptor activation may also contribute to a pro-differentiation therapeutic effect of compounds such as phenylbutyrate or phenylacetate (Sadar and Gleave, 2000; Mellinghoff et al., 2004) . In our earlier studies, we demonstrated that IL-6 causes activation of the AR in DU-145 cells transfected with AR cDNA and in LNCaP cells which express the endogenous receptor (Hobisch et al., 1998) . The treatment of LNCaP cells with IL-6 has resulted in inhibition of proliferation and in increased expression of the differentiation marker prostate-specific antigen (PSA) in the absence of androgen. This effect was blocked by the non-steroidal anti-androgen bicalutamide. Thus, in case of LNCaP cells, the effect of IL-6 on the AR supports cellular differentiation (Hobisch et al., 1998) . Interestingly, in the experiments in which another cell line, MDA PCa 2b, was used, it has been demonstrated that IL-6 causes a stimulatory effect on proliferation. Those data were supported by results of an in vivo experiment in which it was shown that IL-6-induced activation of the AR leads to an enhanced growth. This effect could be antagonized by application of bicalutamide (Malinowska et al., 2009) . Although the effect of IL-6 in comparison to that of androgen was relatively low, AR activity was sufficiently induced to enhance tumour growth in vivo. In the MDA PCa 2b cell line, the p44/p42 MAPK PD 98059 inhibitor blocked the effects of IL-6. The reasons for a different outcome of IL-6/AR activation in prostate cancer cells have not been clarified yet. Cell line dependent differences in recruitment of specific coactivators of the AR, one possible explanation of this discrepancy has to be investigated in future studies. In this context, it was demonstrated that the transcriptional integrator p300 which is overexpressed in prostate cancer and correlates with poor prognosis is required for ligandindependent activation of AR (Debes et al., 2002) . Similar findings were also reported for SRC-1 (Ueda et al., 2002) . MAPK phosphorylation of SRC-1 was required for the induction of AR activity by IL-6. It is understood that IL-6 causes phosphorylation of Etk kinase which can be additionally activated by the kinase Pim1 if coexpressed in prostate cancer cells (Kim et al., 2004) . These kinases synergize in ligand-independent activation of AR by IL-6 (Kim et al., 2004) .
Prolonged treatment of prostate cancer cells with IL-6 and its clinical relevance
In order to improve understanding of cellular events which may be relevant to patients with prostate cancer who are exposed to IL-6 during a prolonged period of time, we have treated LNCaP cells with IL-6 over several months (Hobisch et al., 2001) . Prostate cancers do not lack the IL-6 receptor (IL-6R) and therefore continuous stimulation with a cytokine in an in vitro model is relevant (Hobisch et al., 2000) . The findings obtained on primary tumour material regarding IL-6 and IL-6 receptor correspond with those seen in cultured cell lines (Hobisch et al., 2001 ). IL-6 immunoreactivity was additionally confirmed in tumour tissue. The newly developed cell line, LNCaP-IL-6+, showed a growth advantage and different activation of signalling pathways in comparison to parental cells (Steiner et al., 2003) . Instead of phosphorylation of STAT3, an increased expression and phosphorylation of MAPK was observed in association with higher expression of cyclin-dependent kinases and loss of the tumour suppressors retinoblastoma and p27. LNCaP-IL-6+ cells also show a high expression of vascularendothelial growth factor, a peptide which could be also induced after short-time treatment with IL-6 (Steiner et al., 2004) . As a consequence, it is not surprising that LNCaP-IL-6+ cells grow faster in vivo in comparison to control cells. A growth advantage of LNCaP-IL-6+ was confirmed by the Gao's laboratory. Those researchers demonstrated that cells generated after prolonged treatment with the cytokine grow faster (Lee et al., 2007) . In concordance with the development of this model in which the IL-6 autocrine loop was demonstrated, it was shown that the transfection of LNCaP cells with IL-6 cDNA also results in enhanced growth due to activation of STAT and MAPK signalling . Moreover, those authors showed that overexpression of IL-6 in prostate cancer leads to an androgen-independent growth of tumour cells. LNCaP-IL-6+ cells are a good model for studies of function of AR co-activators in prostate cancer. The AR coactivator p300 was found to increase expression of endogenous genes which are AR-regulated even in conditions where the receptor is strongly inhibited (Debes et al., 2005) . Those findings may be of special interest because there is a subgroup of prostate cancer cells in which the AR is silenced as a result of epigenetic changes (Jarrard et al., 1998) . Even in this situation some of the AR target genes may be expressed, thus contributing to prostate cancer progression.
Importantly, it was also demonstrated that IL-6 may promote intracellular synthesis of androgens in prostate (Chun et al., 2009 ). This mechanism is clearly relevant to cancer progression because androgens synthesised in conditions in which AR is hypersensitive may enhance tumour growth after prolonged androgen ablation.
Molecular mechanisms leading to increase in IL-6 expression
Up-regulation of IL-6 in prostate cancer is a result of several cellular regulatory processes some of which are interconnected. It is not surprising that transforming growth factor (TGF)-beta, whose expression is also elevated in sera of prostate cancer patients (Adler et al., 1999) , acts as a molecule which causes elevation of expression of IL-6 (Park et al., 2003) . TGF-beta is a potent growth-inhibitory factor in prostate cancer in vitro. In contrast, it acts in vivo through activation of the angiogenetic cascade, suppression of immune responses, and induction of expression of matrix metalloproteinases thus causing enhanced tumour growth. One of the mechanisms which may contribute to this effect is thus increased IL-6 production which could in turn stimulate angiogenesis. Increased IL-6 production by LNCaP-IL-6+ cells may be also a consequence of a reduced expression of the retinoblastoma protein, which prevents up-regulation of IL-6. It is also important to mention that the presence of AR inhibits expression of IL-6. This finding is in concordance with the previously observed inhibition of nuclear factor kappa B activity by dihydrotestosterone (Keller et al., 1996) . AR-negative PC-3 and DU-145 cells secrete high levels of IL-6 (Twillie et al., 1995) . Finally, the expression of IL-6 is upregulated by elements of the activating protein-1 complex Fra-1 and JunD (Zerbini et al., 2003) and a protein kinase C lambda/iota (Ishiguro et al., 2009 ).
The role of IL-6 in inhibition of apoptosis
In many cancers, IL-6 has been associated with an anti-apoptotic effect. In PC-3 cells, it was shown that IL-6 leads to activation of the phosphotidylinositol 3-kinase (PI3K) pathway . Thus, IL-6 contributes to enhanced activity of Akt which was frequently reported in prostate tumours (Ghosh et al., 2005) . Etk/Bmx is another kinase which is an effector of the PI3K pathway and is induced by IL-6 in prostate cancer (Qiu et al., 1998) . Further studies were performed in LNCaP-IL-6+ and DU-145 cells, in which it was demonstrated that Mcl-1, a member of the Bcl-2 family is up-regulated. These cells also have a high expression of IL-6. The effect of IL-6 on Mcl-1 up-regulation is mediated through the MAPK pathway. Mcl-1 was previously shown to be up-regulated in prostate cancer in comparison to the benign tissue (Krajewska et al., 1996) . We demonstrated that LNCaP-IL-6+ cells are more resistant to induction of apoptosis due to increase of IL-6 expression . Mcl-1 expression was down-regulated by siRNA which in consequence resulted in an increased sensitivity to apoptosis. In addition, Mcl-1 was also down-regulated after addition of the anti-IL-6 antibody siltuximab. In cells in which expression of Mcl-1 was inhibited by siRNA prior to siltuximab treatment, the anti-IL-6 antibody did not achieve further induction of apoptosis. In those experiments, we confirmed that, in cells with an established IL-6 autocrine loop, Mcl-1 is a critical factor being responsible for reduced sensitivity to apoptosis. IL-6, in addition to apoptosis, regulates migration and invasion of prostate cancer cells (Santer et al., 2010) . These pro-metastatic events are regulated through the soluble IL-6 receptor which is expressed in most prostate cancer cells (Santer et al., 2010) .
The role of endogenous inhibitors of IL-6 signalling in prostate cancer
Binding of IL-6 to the IL-6 receptor leads to an activation of intracellular signalling mostly through the JAK/STAT signal transduction pathway. At least three different classes of negative feedback regulators of cytokine signalling are known; (1) protein inhibitors of activated STATs (PIAS), (2) the Src-homology 2 (SH2) containing protein tyrosine phosphatases (SHPs), and (3) suppressors of cytokine signalling (SOCS) (Larsen and Ropke, 2002) .
Proteins of the PIAS family prevent STAT-DNA interaction either directly or indirectly by inhibiting STAT dimerisation. These proteins act as a buffer thus minimising the amount of activated STAT that is available within the cell following stimulation by the cytokine. The SHPs are recruited to the phosphorylated tyrosine residues following JAK phosphorylation. They reduce their activity by enhancing dephosphorylation of tyrosine residues critical for the activation of the kinases (Hilton, 1999) .
The SOCS family consists of eight members, cytokine inducible SH2 protein (CIS) and SOCS-1 to 7. The genomic structure suggests that the pairs of these proteins are more closely related to each other than to other SOCS proteins; CIS and SOCS-2, SOCS-1 and SOCS-3, SOCS-4 and SOCS-5, and SOCS-6 and SOCS-7, respectively (Hilton, 1999) . All proteins contain a N-terminal region of variable length, a central SH2 domain, and a conserved C-terminal region called SOCS box. The SOCS box is not required for inhibitory actions of SOCS proteins. Despite this, the conservation of this domain in all SOCS proteins suggests an important role in their physiological action. This region interacts with Elongin-B, Elongin-C, Cullin-5, and RING-box-2 (Garrett et al., 1995) . The complex can recruit E2 ubiquitin transferases (Kamura et al., 2004) . Thus, the proteins can act as E3 ubiquitin ligases and mediate the proteasomal degradation of associated proteins. In addition, SOCS-1 and SOCS-3 have a kinase-inhibiting region within the N-terminal region. At present, there seems to be no clear evidence that SOCS-4, 5, 6, 7 mRNA or protein are induced after cytokine stimulation and not much is known about their function. CIS, SOCS-1, SOCS-2 and SOCS-3 are induced by various cytokines. SOCS-1 and SOCS-3 are especially induced by IL-6. Upon IL-6 stimulation, transcription of SOCS-1 and SOCS-3 genes is rapidly increased in vitro and in vivo (Starr et al., 1997) . SOCS-1 and -3 can inhibit IL-6-mediated JAK activation directly through their kinase inhibitory region (Sasaki et al., 1999) . Especially SOCS-3 can additionally bind with high affinity to phosphothyrosine 757 within the IL-6 receptor subunit glycoprotein 130 (gp130) and inhibits activation of the IL-6 signalling cascade (Nicholson et al., 2000) (Fig. 1) . It is generally accepted that SOCS-1 and especially SOCS-3 act as important negative feedback regulators of the IL-6-JAK-STAT signalling pathway (Alexander and Hilton, 2004) .
As dysfunction of this pathway has been implicated in various malignant diseases, it was suggested that losses of SOCS-1 and SOCS-3 are relevant to cancer initiation and progression (Yoshimura et al., 2007) . In many types of carcinomas, the oncogenic role of STAT factors, especially of STAT3 is clearly documented (Burke et al., 2001; Hodge et al., 2005) . Loss of the inhibitory effect of SOCS-1 and SOCS-3 leads to hyperactivity of the JAK/STAT pathway, thus promoting uncontrolled cellular proliferation. Therefore, it was believed that SOCS-1 and SOCS-3 generally act as tumour suppressors. Silencing of SOCS-1 and SOCS-3 due to promoter hypermethylation has been reported in several types of tumours including human lung (He et al., 2003) , hepatocellular (Niwa et al., 2005) , and head and neck cancer (Weber et al., 2005) This causes a growth advantage for cancer cells in vitro and in vivo. In particular, silencing of SOCS-3 enhanced cellular proliferation and its re-expression after treatment with de-methylating agents caused growth inhibition of treated cancer cells.
However, there are increasing indications that SOCS-3 has different functions depending on the origin of the tumour. In breast cancer, SOCS-3 is not silenced and SOCS-3 protein expression does not cause an inhibition of cellular proliferation (Evans et al., 2007) . In previous studies, our group proved that SOCS-1 and SOCS-3 are also expressed in prostate cancer. Moreover, expression of SOCS-3 significantly increases in malignant versus benign prostate cells and persists in castration therapy refractory prostate cancer patients. Its expression is inversely correlated with STAT3 phosphorylation, suggesting an inactivation of the JAK-STAT pathway (Bellezza et al., 2006; Puhr et al., 2009) . Our results could be partly confirmed by Pierconti and colleagues. They also observed an increased expression of SOCS-3 protein in prostate cancer patients. However, those researchers also identified a patient subgroup with methylated SOCS-3 status and correlated absence of SOCS-3 with a more aggressive cancer phenotype and poor prognosis (Pierconti et al., 2010) . In contrast, we observed a significant increase in apoptosis after SOCS-3 down-regulation in different prostate cancer cell lines concluding that SOCS-3 expression is a critical factor for cell survival. Our findings are in line with observations of Masuhiro and associates. They demonstrated that SOCS-3 is an important key regulator in cell cycle progression. It is influenced by mutual interaction with the transcriptional factor DP-1 and down-regulation of SOCS-3 resulted in an increase of apoptotic cells (Masuhiro et al., 2008) . Therefore, it seems that SOCS-3 is implicated in cell cycle regulation and programmed cell death.
Recent studies have indicated that SOCS-3 effects are not limited solely to IL-6 signalling. The increased expression of SOCS-3 also differentially affects proliferation of prostate cancer cells, depending on androgen sensitivity. Our group was able to demonstrate that SOCS-3 is increasingly expressed in response to androgen treatment and inhibits androgen-mediated proliferation in vitro . Ben-Zvi and associates reported an interaction between SOCS-3 and the fibroblast growth factor receptor 3 (FGFR3) (Ben-Zvi et al., 2006) . In line with these results our group has provided for the first time evidence that SOCS-3 is a major key regulator of the FGF pathway. We proved that SOCS-3 interferes with FGF-2 signalling by influencing the phosphorylation of the MAPK p44 and p42. By modulating SOCS-3 expression levels we could clearly demonstrate that SOCS-3 has an inhibitory effect on activation of the MAPK signal transduction in prostate cancer (Puhr et al., 2010) . Taken together, SOCS-3 is a multifunctional protein and the specific role of SOCS-3 in cancer is tumour type-dependent and both tumour suppressive and promoting roles of SOCS-3 have been described so far.
We were also able to demonstrate that SOCS-1 is expressed in prostate cancer cells and tissue specimens ). An inhibitory role for SOCS-1 in prostate cancer could be demonstrated in cell lines. Decreased SOCS-1 expression leads to an upregulation of cyclin-dependent kinases and cyclins which govern the G1/S cell cycle progression. Thus, SOCS-1 acts as a tumour suppressor in prostate cancer cell lines although it is expressed at a higher level in tumours.
Therapy approaches aimed to target IL-6
Different possibilities to target IL-6 are available. For example, in haematological malignancies it was demonstrated that IL-6 super-antagonists have a therapeutic potential. In prostate cancer, the monoclonal antibody siltuximab (CNTO 328) was used in experimental and clinical studies (Fig. 2) . Siltuximab strongly inhibited growth of the PC-3 xenograft through induction of apoptosis (Smith and Keller, 2001) . The LuCaP xenograft which represents an androgen-sensitive tumour was also inhibited by siltuximab and the progression towards androgen-independence was delayed (Wallner et al., 2006) . Siltuximab showed a less potent effect on the LNCaP-IL-6+ cell line in vitro and in vivo. However, in those studies it was observed that siltuximab-induced growth inhibition is associated with re-activation of the JAK-STAT signalling pathway . Since activation of AR in prostate cancer cells may lead to both proliferative and inhibitory responses, it is important to understand that a more personalized approach in the attempt to improve anti IL-6 therapy needs to be developed.
In clinical settings, it was recently shown that the administration of siltuximab in a collective of patients who have already received docetaxel therapy has a biological but not clinical efficacy (Dorff et al., 2010) . There is an evidence indicating that IL-6 predicts docetaxel resistance in prostate cancer (Domingo-Domenech et al., 2006) . The development of the resistance to docetaxel seems to be very complex and it could not be excluded that these tumours are very heterogenous. It was demonstrated that another member of the STAT family of transcription factors, STAT1, is increasingly expressed in docetaxel-resistant prostate cancer cells (Patterson et al., 2006) .
Outlook and future perspectives
Our understanding of the role of IL-6 in prostate cancer has improved over years. This cytokine is a good candidate for the development of targeted therapies in prostate cancer. In cells representing advanced stage of the disease, it is obvious that IL-6 acts as a survival factor and stimulates migration and apoptosis. From laboratory studies, it is important to design rational clinical approaches with aim to identify candidate patients subgroups in which therapy will have most chances for success.
Recently, we have also improved our understanding of action of important inhibitors of cytokine signalling SOCS-3 and -1 in prostate cancer. Although these proteins block IL-6-induced signal transduction, they have also cell type-dependent effects which differ between AR-positive and -negative cells. Targeting SOCS-3 in prostate cells which do not express AR may be an attractive therapy option in the future.
